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Activated microglia mediate synapse loss and 
short-term memory deficits in a mouse model 
of transthyretin-related oculoleptomeningeal 
amyloidosis 

EP Azevedo 1 , JH Ledo 1 , G Barbosa 2 , M Sobrinho 2 , L Diniz 2 , ACC Fonseca 2 , F Gomes 2 , L Romao 2 ' 3 , FRS Lima 2 , FL Palhano*' 1 , 
ST Ferreira 1 and D Foguel*' 1 

Oculoleptomeningeal amyloidosis (OA) is a fatal and untreatable hereditary disease characterized by the accumulation 
of transthyretin (TTR) amyloid within the central nervous system. The mechanisms underlying the pathogenesis of OA, and in 
particular how amyloid triggers neuronal damage, are still unknown. Here, we show that amyloid fibrils formed by a mutant form 
of TTR, A25T, activate microglia, leading to the secretion of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and nitric oxide. 
Further, we found that A25T amyloid fibrils induce the activation of Akt, culminating in the translocation of NFkB to the nucleus 
of microglia. While A25T fibrils were not directly toxic to neurons, the exposure of neuronal cultures to media conditioned by 
fibril-activated microglia caused synapse loss that culminated in extensive neuronal death via apoptosis. Finally, 
intracerebroventricular (i.c.v.) injection of A25T fibrils caused microgliosis, increased brain TNF-a and IL-6 levels and cognitive 
deficits in mice, which could be prevented by minocycline treatment. These results indicate that A25T fibrils act as 
pro-inflammatory agents in OA, activating microglia and causing neuronal damage. 
Cell Death and Disease (2013) 4, e789; doi:1 0.1 038/cddis.201 3.325; published online 5 September 2013 
Subject Category: Neuroscience 



Oculoleptomeningeal amyloidosis (OA) is a fatal and untrea- 
table form of transthyretin (TTR)-related amyloidosis that is 
clinically characterized by slow progressive dementia, ataxia, 
seizures and recurrent subarachnoidal hemorrhaging. 1,2 
OA is primarily a hereditary disease, although several reports 
have described OA symptoms in patients who had received 
orthotopic liver transplantation for the treatment of familial 
amyloidotic polyneuropathy (FAP), another TTR-related 
amyloidosis. 3-5 OA is also considered a form of cerebral 
amyloid angiopathy (CAA), which is characterized by amyloid 
deposition in the cerebral vasculature. 6 The incidence of CAA 
is age-dependent, and it is believed that -12% of the 
population over 85 years of age may suffer from CAA-related 
symptoms. 7 Importantly, features of CAA are also found in 
Alzheimer's disease (AD) patients and in animal models of 
AD, and the contribution of CAA to AD progression has been 
widely studied. 8 " 10 

In the past decade, inflammation has emerged as a key 
event in the progression of many neurodegenerative dis- 
eases, including Alzheimer's and Parkinson's disease. 11-14 
Microglia, the brain's resident macrophages, participate in the 
coordination of events important for the maintenance of 



neuronal health. 15 However, chronically activated microglia 
may initiate inflammatory processes that lead to neuronal 
dysfunction and damage. 15 ' 16 Thus, tight regulation of 
microglial activation is required to maintain the precise 
balance between normal physiology and pathology in the 
CNS. 

Here, we investigated whether amyloid fibrils composed of 
A25T TTR, a natural variant of TTR that readily forms fibrils 
under non-denaturing conditions 17 and is associated with 
OA, 1,2 activate microglia and whether this activation leads to 
neuronal damage, culminating in cognitive deficits. Although 
TTR deposits in OA are normally found in subarachnoid 
spaces and around leptomeningeal vessels, it is conceivable 
that neuron-produced TTR 18 may also aggregate and induce 
microglia activation in the brain parenchyma. Moreover, 
subarachnoid bleedings caused by TTR aggregates may 
contribute to microglia recruitment and activation, thus 
exacerbating neuroinflammation. 19 

Our results showed that A25T fibrils were innocuous to 
primary neurons in culture but caused robust microglial 
activation in vivo and in vitro. Microglial activation occurred 
via the Akt signaling pathway, inducing the secretion of TNF-a, 



1 1nstitute de Bioqufmica Medica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ 21 941-590, Brazil; 2 lnstituto de Ciencias Biomedicas, Universidade Federal 
do Rio de Janeiro, Rio de Janeiro, RJ 21941-590, Brazil and 3 P6lo de Macae, Universidade Federal do Rio de Janeiro, Macae, RJ 27930-560, Brazil 
"Corresponding authors: D Foguel or FL Palhano, Instituto de Bioqufmica Medica, Universidade Federal do Rio de Janeiro, CCS Bloco E sala 42, Avenue Carlos Chagas 
Filho 373, Rio de Janeiro, RJ 21941-590, Brazil. Tel: +55 21 2562 6761; Fax: +55 21 2270 8647; E-mail: foguel@bioqmed.ufrj.br or palhano@bioqmed.ufrj.br 
Keywords: microglia; transthyretin; amyloid fibril; neurodegeneration 

Abbreviations: OA, oculoleptomeningeal amyloidosis; CNS, central nervous system; CSF, cerebral spinal fluid; TTR, transthyretin; LPS, lipopolysaccharide; NO, nitric 
oxide; TNF-a, tumor necrosis factor alpha; IL-6, interleukin-6; GSK-3/?, glycogen synthase kinase -3beta; MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 
Received 21.5.13; revised 24.7.13; accepted 29.7.13; Edited by A Verkhratsky 



A25T fibril-activated microglia cause neuron death 

EP Azevedo et a I 



IL-6 and nitric oxide (NO). Interestingly, conditioned medium 
(CM) from fibril-activated microglia was toxic to primary 
cortical neurons, inducing the loss of synapses and apoptosis 
via caspase-3 activation. Moreover, mice that received i.c.v. 
injections of fibrils showed short-term memory deficits that 
could be prevented by minocycline pretreatment. These 
results point to a possible mechanism of amyloid-induced 
toxicity in OA, and possibly other amyloid-related neurode- 
generative diseases that are mediated by toxic microglial 
activation. 

Results 

A25T amyloid fibrils are internalized by microglia and 
induce the secretion of pro-inflammatory molecules. We 

initially investigated the cytotoxicity of amyloid aggregates 
composed of A25T TTR produced in vitro as previously 
described. 17 A25T aggregates are largely composed of 
amyloid fibrils, as revealed by TEM, and by their increased 
capacity to bind amyloid-specific dyes, such as Congo red 
and Thioflavin-T (Supplementary Figure 1). The toxicity of 
A25T fibrils was investigated using dissociated mouse 
cortical neurons exposed to a physiological concentration 
of TTR: 1 iM A25T fibrils or 1 ^M soluble A25T. Neither of 
these treatments led to neuronal death (Supplementary 
Figures 2A-E), indicating that A25T (in either soluble or 
aggregated form) is not inherently toxic to neurons. We next 
hypothesized that A25T fibrils might exert a neurotoxic effect 
indirectly via the activation of microglia. To test this 
hypothesis, we first examined whether A25T fibrils were 
toxic to microglia in culture. The incubation of microglial 
cultures with 1 ^M A25T fibrils caused no detectable cell 
death, as probed using three different methods (cell counting 
and the MTT and Live/Dead assays; Supplementary 
Figure 3). Soluble A25T, PBS or 100ng/ml LPS were used 
as additional controls; none caused microglial death at the 
concentrations used (Supplementary Figure 3). 

Despite the fact that A25T was not toxic to microglia, we 
found that microglia efficiently internalized acrylodan-labeled 
A25T fibrils (Figures 1a, b). Fibril internalization was blocked 
by the application of 2.5 ^M cytochalasin D, an inhibitor of 
actin polymerization (Figures 1c and d). Next, we investigated 
whether A25T fibrils stimulated microglial secretion of pro- 
inflammatory molecules. Microglia exposed to A25T fibrils, 
but not to soluble A25T or PBS, secreted significant amounts 
of TNF-a, IL-6 and NO (Figures 1e-g), at levels comparable to 
those secreted when microglia were stimulated with LPS. 

Mice injected with A25T fibrils exhibit microglial activa- 
tion and increased brain levels of TNF-a and IL-6. Next, 
we sought to determine whether the inflammatory mechan- 
isms observed in vitro were also active in vivo. To tackle 
this question, we performed i.c.v. injections of A25T fibrils 
(Fib TTR) or vehicle (PBS) in 2-month-old male Swiss mice. 
Microglial activation in the brain was assessed 24 h post- 
injection using an anti-F4/80 antibody. There was an 
increase in F4/80 immunoreactivity when animals were 
injected with A25T fibrils (Figures 1 h— k), which was 
corroborated by western blotting using another microglial 



marker, lba-1 (Figure 1r). In addition, 4h after the i.c.v. 
injection of A25T, a group of mice was killed and their brain 
extracts analyzed for pro-inflammatory cytokines (TNF-a and 
IL-6). Compared with vehicle-injected mice, A25T fibril- 
injected mice showed increased brain levels of TNF-a and 
IL-6 4h after treatment with A25T (Figures 1p and q). 

Interestingly, we noted that A25T fibrils did not migrate 
deeply into the brain parenchyma and remained in the area 
surrounding the lateral ventricles until 7 days after the 
injection (Supplementary Figure S4B). After 7 days, it was 
also possible to detect activated microglia around the injected 
A25T fibrils (Supplementary Figure S4A-D), suggesting that 
microglial activation and, possibly, inflammation was sus- 
tained for several days post injection. We also observed that 
the amount of fibrils had diminished considerably 7 days after 
the injection compared with 24 h after the injection (not 
shown). 

Notably, we could also detect the presence of cells that 
were positively stained for anti-F4/80 and contained A25T 
fibrils within their cell bodies (Supplementary Figure S5). Both 
at 24 h and 7 days post-injection, microglial activation and 
anti-TTR immunoreactivity were absent in vehicle-injected 
mice (Figures 1 1— o and Supplementary Figure S4E-H). 

Microglial activation by A25T fibrils is mediated by the 
phosphorylation of Akt and inactivation of GSK-3/? and 
results in the translocation of NFkB to the nucleus. 

To investigate the signaling pathway involved in the activation 
of microglia by A25T fibrils, we analyzed the cellular lysates of 
microglia incubated for 30 min with soluble A25T, PBS or 
A25T fibrils. It has been shown that phosphatidylinositol- 
3-kinase (PI3K)/Akt signaling modulates the release of 
cytokines by activated cells by inflammatory molecules such 
as LPS. 20 To determine whether Akt mediates the activation of 
microglia by A25T fibrils, we examined the activation of Akt 
through phosphorylation at Ser473. 21 Activated Akt in turn 
inactivates GSK-3/? through phosphorylation at Ser9, 22 
enhancing TNF-a secretion 23 A25T fibrils significantly acti- 
vated microglial Akt (Figures 2a and b), and this led to the 
inactivation of GSK-3/? (Figures 2a and c). 

Akt signaling also modulates the activation and transloca- 
tion of NFkB to the cell nucleus, where it activates the 
transcription of a variety of genes, including inflammation- 
related genes. 24 We thus investigated whether A25T fibrils 
would induce the translocation of NFkB to the nucleus in 
microglia. Interestingly, the translocation of NFkB to the 
nucleus was observed when microglia were incubated with 
A25T fibrils (Figures 2j-l and p), but not with soluble A25T 
(Figures 2g-i and p) or PBS (Figures 2d-f and p). As 
expected, when incubated with 1 00 ng/ml LPS, ~ 80% of cells 
exhibited nuclear NFkB immunoreactivity (Figures 2m-o and p). 
These data indicate that A25T fibrils induce the activation of 
microglia by modulating Akt and NFkB signaling. 

CM from A25T fibril-activated microglia induces synapse 
loss in neuronal cultures. Pro-inflammatory cytokines 
have been associated with a variety of CNS disorders, 
including trauma, ischemia, multiple sclerosis and Alzhei- 
mer's disease. 14 Some cytokines, such as TNF-a and IL-6, 
can adversely modulate synaptic plasticity and induce 
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Figure 1 A25T fibrils activate microglia in vitro and in vivo. A25T fibrils (Fib A25T) were fluorescently labeled with acrylodan (pseudocolored in green in panels a-d) and 
incubated with microglia for 24 h, which nuclei (DNA) were labeled in red with ethidium homodimer-1. (a-d) Two-photon microscopy of microglia shows internalization of 
fluorescent A25T fibrils (green) together with the cells (DIC; a) and inside the cells (b and inset in panel B). A25T fibrils internalization was inhibited using 2.5 fiM cytochalasin D 
( + Cyt-D) (d) when compared with untreated cells (control; c). Inset in (d) shows microglia incubated with soluble A25T, which is not internalized by microglia in 24 h. Scale 
bars are 25 fim for panels A-B, 100 ^m for panels c and b and 50 fim for inset in panel d. We also measured TNF-a (e), IL-6 (f) and (g) NO (measured as nitrite using Griess 
reagents) in culture supernatants. As controls, PBS and soluble A25T (Sol A25T) at 1 were also incubated with microglia. As positive control, LPS at 100 ng/ml was 
incubated with microglia. Statistical analysis was performed in three independent experiments using one-way ANOVA with Tukey's test, and ***p< 0.001, **P<0.01 and 
*P< 0.05. In panel e, ** represents the comparison between PBS and Fib A25T and * represents the comparison between Sol A25T and Fib A25T. In panel f , * represents the 
comparison between PBS and Fib A25T and ** represents the comparison between Sol A25T and Fib A25T. (h-r) Two-month-old Swiss mice were i.c.v. injected with A25T 
fibrils or vehicle (PBS). After 24 h, (h-k) A25T fibrils- and (l-o) vehicle-injected mice were killed and brain sections were stained with DAPI (blue; h and I), anti-F4/80 (green, 
i and m) and anti-human TTR (Fib A25T; red, j and n), and then analyzed using confocal microscopy. Merged images are shown in k and o. Scale bars are 24 ^m for all 
images. After 4 h, mice were euthanized and brain homogenates were analyzed for TNF-a (p) and IL-6 (q). Statistical analysis of panel p and q was performed using Student's 
f-test were *P< 0.05, **P< 0.01 . (r) lba-1 levels were analyzed in lysates from A25T fibrils- and vehicle-injected mice by western blotting. Statistical analysis was performed 
using Student's f-test were *P<0.05 



synapse dysfunction. The results described above demon- 
strated that A25T fibrils induce the secretion of 
pro-inflammatory molecules by microglia (Figure 1). There- 
fore, we investigated whether CM from A25T fibril-activated 
microglia would affect synapses in 2-week-old cortical 
neuron cultures. To address this question, we incubated 
neurons for 3h with either CM from A25T fibril- or LPS- 
activated microglia, or control CM (from microglial cultures 
treated with PBS or soluble A25T) and analyzed synaptic 
density using both presynaptic (synaptophysin) and post- 
synaptic (PSD-95) markers. After 3 h of incubation, CM from 
A25T fibril-activated microglia induced severe synapse loss 
in the neuronal cultures, similar to the effects of CM from 



LPS-activated microglia (Figures 3c, d). In contrast, CM from 
control (non-activated) microglia had no effect on synapto- 
physin or PSD-95 levels (Figures 3a and b), suggesting that 
soluble factors released by activated microglia modulate 
neuronal synapses, inducing synapse loss well before 
neuronal death. 

CM from A25T fibril-activated microglia is neurotoxic. 

To test whether longer exposure to CM from A25T fibril- 
activated microglia caused additional damage to neurons, 
mature cortical neuronal cultures were exposed for 48 h to 
CM from microglia previously incubated for 48 h with 1 /iM 
A25T fibrils. After 48 h, we observed extensive neuronal 
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Figure 2 A25T fibrils induce microglia activation via Akt phosphorilation at Ser473, GSK-3/? phosphorilation at Ser9 and NFkB translocation to cell nucleus. Primary 
microglia cells were incubated with 1 fiM of fibrillar A25T (Fib A25T) or PBS for 30 min. Cells were then lysed and protein lysates analyzed by (a) western blotting using anti- 
phosphorilated Akt (pAkt) at Ser473 and anti-phosphorilated GSK-3/? (pGSK-30) at Ser9. Levels of phosphorilated protein (b; % of pAkt/Akt) or (c; % of pGSK-3/?/GSK-3/?) 
were analyzed relative to PBS (control; 100%). Statistical analysis was performed in three independent experiments using Student's f-test; *P< 0.05. Panels d-p depict NFkB 
translocation to the nucleus: d-f shows microglia incubated with PBS, soluble A25T (Sol A25T; g-i), fibrillar A25T (Fib A25T; j-l) and LPS (m-o). NFkB + nuclei/total of 
nuclei cells were quantified in p. Statistical analysis was performed in three independent experiments using one-way ANOVA, with *P<0.05. Scale bars are 25 ^m for 
panels d-o 



death under these conditions (Figures 4c and e). Similar 
neurotoxicity was observed when neurons were treated with 
CM from microglia incubated with LPS (Figures 4d and e), 
but not with CM from microglial cultures treated with PBS or 
soluble A25T (Figures 4a and b). Similar results were also 
obtained in experiments using immature cortical cultures 
(data not shown). These results suggest that LPS and A25T 
fibrils induce microglia to secrete sufficient quantities of a 
variety of neurotoxic molecules to have detrimental effects on 
cortical neurons in vitro. 

CM from A25T fibril-activated microglia induces neuronal 
cell death via apoptosis. Next, we investigated whether 
neuronal death induced by treatment with CM derived 
from A25T fibril-treated microglia took place via apoptosis. 
To address this question, apoptotic markers, including 
caspase-3 activation and DNA fragmentation, were 
evaluated. 

Caspase-3 is an important executer of apoptosis and its 
activation requires proteolytic processing at aspartic acid 175 
(Asp175). 26 Interestingly, CM from LPS- or A25T fibril- 
activated microglia induced caspase-3 activation in >50% 
of the cells, while in neuronal cultures treated with control CM 



(CM from PBS- or soluble A25T-treated microglia) <20% of 
cells were positive for activated caspase-3 (Figures 5a-d, 
quantified in e). To assess DNA fragmentation, we used the 
TUNEL assay. As expected, no TUNEL-positive cells were 
observed when neurons were treated with CM derived from 
microglia incubated with PBS or soluble A25T (Figures 5f and g). 
However, when neurons were incubated with CM from LPS- 
or A25T fibril-activated microglia, >50% of the cells were 
TUNEL-positive (Figures 5h and i, quantified in j), suggesting 
DNA fragmentation and apoptosis. 

Mice injected with A25T fibrils exhibit short-term 
memory deficits that could be prevented by minocycline 
treatment. Finally, we sought to determine whether the 
activation of microglia in vivo led to changes in behavior. To 
answer that question, we performed i.e. v. injections of either 
A25T fibrils or vehicle (PBS) in 2-month-old male Swiss mice 
and evaluated short-term memory 24 h later using the novel 
object recognition test. Interestingly, A25T fibril injection 
impaired short-term memory (Figure 6), but not locomotor or 
exploratory activity (Supplementary Figure S6). Next, ani- 
mals were pretreated for 3 consecutive days with 50 mg/kg 
minocycline to determine whether the short-term memory 
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Figure 3 CM from A25T fibrils-activated microglia induce synapse loss in primary cortical neurons. A25T fibrils or soluble A25T at 1 fiM were incubated for 48 h with 
microglia cells and then CM (Fib A25T CM and Sol A25T CM) was transferred to primary neurons for 3 h. As controls, we used CM from PBS- or LPS (100 ng/m Inactivated 
microglia. Cells were fixed and immunostained with antibodies anti-PSD-95 (red) and anti-synaptophysin (green), and the colocalization (puncta; yellow) of both proteins 
suggest the presence of a functional synapse. Images show a representative neuron incubated with (a) PBS CM, (b) Sol A25T CM, (c) Fib A25T CM, (d) LPS CM. 
(e) Quantification of colocalization of PSD-95 and synaptophysin (number of puncta per image). Each experiment was performed in duplicates and 12-20 images were 
captured, quantified for colocalization and the mean of all images was plotted for each experiment. Statistical analysis was performed in three independent experiments using 
Kruskal-Wallis test and Dunn's post hoc test, and ***P<0.01 when PBS CM and Agg A25T CM were compared and **P<0.01 when Sol A25T CM and Agg A25T CM were 
compared. Scale bars are 25 /*m for all panels 
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Figure 4 CM from A25T fibril-activated microglia induce neuron death. Fibrillar A25T (Fib A25T) or soluble A25T (Sol A25T) were incubated with primary microglia cells for 
48 h to generate fibrillar A25T-conditioned media (Fib A25T CM) or soluble A25T-CM (Sol A25T CM) and then, CM were incubated with primary cortical neuron cultures for 
48 h. Cell viability was assessed using Live/Dead assay, where live cells are stained in green and dead cells in red (a-e). Also as controls, PBS and 100 ng/ml LPS were 
incubated first with microglia to generate CMs (PBS CM; A and LPS CM; d) and then incubated with neurons. To test microglia-mediated cell death, (b) Sol A25T CM or (c) Fib 
A25T CM was incubated with neurons for 48 h. Panel (e) show the percentage (%) of live cells compared with medium alone (considered as 100% viability; not shown) and 
statistical analysis was performed in three independent experiments using one-way ANOVA, with Tukey's test, and **P<0.01, ***P< 0.001. Scale bars are 50 ^m 



impairment was a consequence of microglia-mediated 
inflammation. Minocycline is a broad-spectrum tetracycline 
antibiotic that has anti-inflammatory properties and is an 
effective inhibitor of microglial activation. 27 We first tested the 
efficacy of minocycline on reducing inflammation by 



pretreating microglial cultures with lO^M minocycline for 
1 h (Supplementary Figure S7). We confirmed that minocy- 
cline prevented the secretion of NO by microglia cells 
exposed to A25T fibrils (Supplementary Figure S7). Surpris- 
ingly, minocycline pretreatment prevented the short-term 
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Figure 5 CM from A25T fibril-activated microglia induce caspase-3 activation and fragmentation of DNA in neurons. A25T fibrils (Fib A25T CM) or soluble A25T (Sol A25T 
CM) at 1 (M were incubated with primary microglia for 48 h and CM was transferred to cortical neurons for 24 h. As controls, we used conditioned media from PBS- or LPS 
(1 00 ng/ml)-activated microglia. Caspase-3 activation was analyzed using an antibody anti-cleaved caspase-3 (red, a-e) and DNA fragmentation was monitored by TUNEL 
assay (f-j). Cells were also stained with Hoescht (blue; a-d and f-i). In (e) cleaved caspase-3-positive cells were quantified and compared with total cells (Hoescht-positive 
cells) and % of cleaved caspase-3-positive cells were plotted relative to neurons incubated with LPS CM. In (j) TUNEL-positive cells were quantified and compared to total cells 
(Hoescht-positive cells) and % of TUNEL-positive cells was plotted relative to positive control, DNAse I treated cells (not shown; considered 100%). Statistical analysis was 
performed in three independent experiments using one-way ANOVA, with Tukey's test, and ***p< 0.001 and **P<0.01. In panel e, ** represents the comparison between 
PBS and Fib A25T and * represents the comparison between Sol A25T and Fib A25T. In panel F, ** represents the comparison between PBS and Fib A25T and *** represents 
the comparison between Sol A25T and Fib A25T. Scale bars are 100 ^m for panels a-d and 25 /urn for panels (e-h) 

subarachnoid space. 1 CAA can be caused not only by TTR 
but also by other amyloidogenic proteins/peptides such as 
amyloid-/?, cystatin C, aDan and aBri. 28 Twelve different 
naturally occurring mutant forms of TTR have been found to 
be associated with OA, 29-33 and common variants such as 
V30M TTR, which is mainly associated with sympathetic and 
autonomic neuropathy, have been shown to cause OA in 
patients who received liver transplants. 3 ' 4 Liver transplanta- 
tion is a clinically established procedure for removing mutant 
protein from the blood, 34 but not from the CNS, as TTR is also 
produced by the choroid plexus epithelia, hippocampal and 
cortical neurons. 18 Thus, accumulation of the mutant protein 
in the CSF leads to the development of OA in transplanted 
patients. For that reason, there is an urgent need to under- 
stand the cellular and molecular mechanisms involved in the 
pathogenesis of OA, which could operate in other neurode- 
generative diseases as well. 

Here, we show that fibrils formed from a natural variant of 
TTR (A25T), but not from soluble WT TTR protein, induce 
microglial activation in vitro and in vivo. We also found that 
A25T fibrils are internalized by microglia through a yet 
unknown mechanism, inducing the activation of Akt and the 
translocation of NFkB to the nucleus, followed by the 
secretion of pro-inflammatory molecules including TNF-a, 
IL-6 and NO. Release of these pro-inflammatory cytokines by 
microglia fuels a cycle of neuroinflammation that can cause 
bystander damage to neurons. 15 Indeed, we found that when 
immature (1 Dl V) or mature (1 4 Dl V) neurons were exposed to 
CM from A25T fibril-activated microglia, < 50% of the neurons 
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Figure 6 Minocycline prevented A25T fibrils-induced short-term memory loss in 
the novel object recognition test. Two-month-old Swiss mice were pretreated with 
50 mg/kg/day minocycline for 3 consecutive days and then i.c.v. injected with A25T 
fibrils or vehicle (PBS). After 24 h, animals were subjected to the novel object 
recognition test in which a familiar object (A) was substituted by a novel object (C). 
Exploratory activity was measured and % of exploration was analyzed in all animals. 
Statistical analysis was performed using one-sample f-test applying a hypothetical 
value of 50.0; ***P<0.001 and **P<0.05 

memory deficits caused by A25T fibril injection in mice 
(Figure 6), suggesting the participation of microglial-derived 
inflammation in A25T fibril-induced memory loss. 



Discussion 

OA is a form of CAA caused by the accumulation of TTR 
amyloid fibrils in the leptomeninges, vitreous humor and 
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remained viable after 48 h. We also searched for apoptotic 
markers, such as DNA fragmentation and caspase-3 activation, 
to determine whether CM from fibril-activated microglia induced 
apoptosis in neuronal cells. After 24 h, we observed both DNA 
fragmentation and activated caspase-3 (cleavage at Asp1 75) in 
neurons exposed to CM from A25T-activated microglia. 
Interestingly, significantly before neuronal death took place, 
CM from A25T fibrils-activated microglia-induced synapse loss 
in neurons, which might lead to cognitive deficits. Notably, 
patients with OA exhibit diverse neurological symptoms, 
including hearing loss, ataxia, dementia and seizures, 33 which 
could be explained, at least in part, by the neurotoxic activation 
of microglia in the presence of TTR fibrils. Although histopatho- 
logical alterations in OA mainly comprise TTR deposits in 
subarachnoid spaces and around leptomeningeal vessels, it is 
conceivable that TTR produced by neurons 18 might undergo 
oligomerization/aggregation within the brain parenchyma, 
where they might induce resident microglia activation. Further- 
more, subarachnoid bleedings caused by aggregates may 
contribute to microglia recruitment and activation, thus exacer- 
bating neuroinflammation. 19 The synapse loss observed when 
neurons were exposed to CM from A25T fibril-activated 
microglia may occur through the remodeling of both presynaptic 
and postsynaptic compartments. Pro-inflammatory cytokines, 
such IL-6, can cause reduced synaptic release of glutamate and 
decreased neuronal activity, which could lead to more fragile 
synapses and, ultimately, to synapse loss 35 

Our current results showed that A25T fibrils alone were not 
directly toxic to primary cortical neurons; their toxicity required 
microglial activation. In line with our findings, amyloid fibrils 
have been shown to exert their toxicity by modulating the 
immune system. 11,14 Amyloid fibrils formed from different 
pathological or non-pathological proteins or peptides activate 
macrophages and microglia, leading to the secretion of pro- 
inflammatory molecules, such as TNF-a, IL-6, IL-1/? and 
N q 15,36-38 | n tne case of neurodegenerative diseases, such 
as AD, amyloid-/? fibril-activated microglia initiate a self- 
perpetuating neurotoxicity cycle, in which toxic molecules 
secreted by microglia induce neuronal damage and, in turn, 
the damaged neurons release danger signals that maintain 
the reactive state of the microglia. 14 ' 39 

Finally, in the current study, we demonstrated that i.c.v. 
injection of A25T fibrils-induced an increase in TNF-a and IL-6 
levels in mouse brains 4h after the injection. At 24 h post- 
injection, we found that the injected fibrils retained a 
periventricular distribution, suggesting that these fibrils might 
be too large to diffuse into the brain parenchyma. Although we 
did observe that the amount of fibrils near the injection site 
diminished over 7 days compared with results obtained 4h 
post-injection, the mechanism by which this clearance takes 
place remains to be elucidated. It seems possible, based on 
our findings, that fibrils are internalized by microglia (or other 
cell types) and are then degraded or digested into smaller 
fragments that cannot be detected by our antibody. Remark- 
ably, A25T fibril-injected mice exhibited short-term memory 
deficits, while no change in behavior was observed in vehicle- 
injected mice. Memory deficits could be prevented in A25T- 
injected mice by a 3-day pre-treatment with minocycline, 
suggesting that microglia-mediated inflammation had an 
important role in the cognitive deficit. 



In conclusion, our results show that TTR fibrils induce the 
neurotoxic activation of microglia in vitro and in vivo, revealing 
a novel cellular mechanism that could be involved in the 
pathogenesis of OA, and possibly of other vascular amyloid 
dementias, because amyloid fibrils formed from different 
proteins have been shown to share common structural 
features and toxic mechanisms. More generally, our findings 
indicate that amyloid fibrils modulate the immune system, 
especially microglial cells, thereby contributing to a vicious 
cycle of neurodegeneration. 

Materials and Methods 

Ethics statement and animal facilities. All animal procedures complied 
with Brazilian legislation and were reviewed and approved by the Ethics 
Committee for Animal Experimentation (CEUA) of the Federal University of Rio de 
Janeiro. 

Mice. Two-month-old male Swiss mice were stereotaxically injected i.c.v. with 
either 400pmol of A25T amyloid fibrils or vehicle (sterile phosphate-buffered 
saline, pH 7.2 (PBS)) using coordinates from the mouse brain Atlas. 40 Briefly, mice 
were treated with diazepam (5mg/kg) 30min before the injection to minimize 
stress and anesthetized with ketamine (100mg/kg) and xylazine (25mg/kg). The 
hair overlying the skull was shaved and the cranial bone exposed. The bone was 
then perforated to expose the meninges and 4^1 of a suspension of A25T 
aggregates was injected at a flow rate of 1^l/10min using the following 
stereotaxic coordinates: AP= -0.22 mm; L= -1.0 mm left; and DV= -2.0 
mm. The mice were then returned to their cages to rest and recover from 
anesthesia. Either 24 h or 7 days after the injection, the mice were euthanized and 
transcardially perfused with 4% paraformaldehyde. The fixed brains were 
removed, and 40-^m sections were obtained using a vibratome (Leica 
VT1000S, Leica, Wetzlar, Germany). The sections were transferred to 24-well 
plates containing PBS. For the novel object recognition test, the mice were treated 
(i.p) for 3 consecutive days with either minocycline (50 mg/kg/day) or saline and 
then analyzed as described. 

Expression and purification of recombinant TTR. The plasmid 
containing the A25T TTR mutant was amplified in E. coli DHa5 cells and further 
purified using the Wizard Plus SV Miniprep DNA Purification System kit (Promega, 
Fitchburg, Wl, USA). The expression and purification of recombinant A25T were 
performed as described previously. 41 Protein concentration was measured using 
an extinction coefficient of 7.76 x 104M -1 cm -1 at 280 nm. A25T was further 
purified by elution through a polymixin B-conjugated resin (Detoxi-gel endotoxin 
removing column, Thermo Scientific, Waltham, MA, USA) to remove possible 
endotoxin contaminants. 42 The samples were stored in liquid N 2 to prevent protein 
aggregation. To induce protein aggregation, samples were aged for 15 days at 
37 °C. Samples were characterized as fibrillar or soluble using transmission 
electron microscopy (TEM), Congo red and thioflavin-T binding as described. 42 For 
internalization assays, A25T was labeled with the fluorescent probe acrylodan as 
described previously. 43 In all assays, fibrillar and soluble A25T were used at 1 jM. 

Primary microglial culture. Microglia were obtained as described 
previously. 44 Briefly, cortices from neonatal Swiss mice were dissociated, and 
the resulting cells were plated on poly-L-lysine-coated 75-cm 2 flasks. The cells 
were maintained in Dulbecco's Modified Eagle Medium supplemented with F12 
medium (1 : 1 ratio), 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 
for 2 weeks at 37 °C in a humidified chamber with 5% C0 2 . The medium was 
changed after 1 week and before cell harvesting. After 14 days, microglia were 
harvested using an orbital shaker. The cells were counted and plated in 6-, 24- or 
96-well plates for assays. To produce CM, aggregated TTR samples were 
incubated with microglia for 48 h in Neurobasal medium (Gibco, Carlsbad, CA, 
USA). The medium was then centrifuged, and the supernatant was incubated with 
neurons for 3, 24 or 48 h. 

Primary neuronal culture. Two different types of primary neuronal cultures 
were used: neonatal immature cortical neurons (days in vitro; DIV 1) and E14 
mature cortical neurons (DIV 14). In both cases, cortices were gently dissected, 
and the resulting neurons were counted and maintained in 24-well plates 
(previously coated with poly-L-lysine) in Neurobasal medium supplemented with 
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B27 (Gibco) for 24 h (neonatal neurons) or 14 days (E14 neurons). The cells were 
kept at 37 °C in a humidified chamber with 5% C0 2 until use. 

Phagocytosis assay. A25T samples were fluorescently labeled with acrylodan 
and incubated with primary microglia for 24 h in 5% C0 2 at 37 °C. The cells were then 
fixed with 4% paraformaldehyde and stained with ethidium homodimer-1 to visualize 
cell nuclei. As phagocytosis depends on actin polymerization, 2.5 (M of cytochalasin D 
(Cyt-D; Sigma, St Louis, MO, USA) was added to the wells. Internalization was 
assessed in both the treated and non-treated cells. 

Quantification of TNF-a, IL-6 and NO. Cells were plated in 96-well plates 
at a density of 5 x 10 4 cells per well and incubated with A25T fibrils for 24 h (for 
cytokine measurements) or 48 h (for NO measurements). Aliquots of the culture 
medium were then withdrawn for assays. For the measurement of cytokines in brain 
extracts, brains were removed from euthanized animals and mechanically 
homogenized in 1 ml of 50 mM Tris-HCI (pH 8.0) containing a protease inhibitor 
cocktail (Roche, Basel, Switzerland). Homogenates were vortexed and centrifuged 
for 10min at 10000 rpm at 4°C. The soluble fraction was immediately analyzed or 
frozen until use. NO (detected as nitrite) was measured using the Griess reagent, 
and cytokines were measured using sandwich ELISA kits (Peprotech, Rocky Hill, 
NJ, USA). When minocycline was used, the cells were incubated for 1 h with 10/jM 
minocycline and subsequently incubated with the aggregated TTR samples. 

Viability assays. For the MTT reduction assay (Promega), microglia were 
plated in 96-well plates at a density of 3 x 10 4 cells per well. After 48 h of incubation 
with A25T fibrils, 5 /43/ml MTT was added and the cells incubated for 2 h at 37 °C in 
a humidified chamber with 5% C0 2 . Purple formazan was solubilized using DMSO 
and absorbance measured at 570 nm. For the Live/Dead assay (Invitrogen, 
Carlsbad, CA, USA), cells were plated on coverslips in 24-well plates at a density of 
7 x 10 4 cells/well for neurons and 3 x 10 4 cells/well for microglia, and the assay 
was performed according to the manufacturer's instructions. For Live/Dead assay, 
9-10 images were acquired in each condition, with 35-61 cells/image for microglia 
and 12-20 cells/image for neurons. The percentage of live cells was calculated 
relative to the number of control (PBS-treated) cells. 

TUNEL assay. Primary neurons were plated in 24-well plates, exposed for 48 h 
to CM from microglia incubated for 48 h with either protein samples or a control 
solution (PBS or lipopolyssaccharide (LPS) from E. coll at 100ng/ml; Sigma) and 
fixed in 4% paraformaldehyde. The TUNEL assay (Invitrogen) was performed 
according to the manufacturer's instructions. In each independent experiment, 10 
images were acquired per experimental condition, with 67-84 cells/image. 

Cleaved caspase-3 (Asp175) immunocytochemistry. Primary 
neurons were plated in 24-well plates and exposed for 24 h to CM from microglia 
incubated for 48 h with either protein samples or a control solution (PBS or LPS). 
The cells were then fixed in 4% paraformaldehyde and incubated in blocking/ 
permeabilizing solution (PBS containing 5% normal goat serum and 0.3% Triton 
X-100) for 1 h at 25 °C. The cells were incubated with rabbit anti-cleaved caspase-3 
(Asp175; 1 :400 dilution; Cell Signaling, Danvers, MA, USA) overnight at 4°C. 
The cells were then washed three times in PBS containing 0.3% Triton X-100. 
Texas Red-conjugated goat anti-rabbit IgG (1 : 200; Santa Cruz Biotechnology, 
Dallas, TX, USA) was then added for 2 h at 25 °C. The coverslips were mounted in 
Prolong Gold antifade reagent (Invitrogen). For the cleaved-caspase-3 assay, 10 
images were acquired in each experimental condition, with 4-18 cells/image. 

Western blotting. Primary microglial cells (10 6 ) were plated in six-well plates 
and supplemented with DMEM/F12 with 10% FBS. After cell adhesion, 1 fiM fibrillar 
A25T or soluble A25T was added for 30min. The cells were lysed with cold RIPA 
buffer, vortexed and then centrifuged for 10min at 10000 r.p.m. at 4°C. The protein 
content of the soluble fraction was assessed using Bradford's reagent, and 15^g 
protein was resolved in 15% SDS-PAGE. The gels were blotted onto low-fluorescence 
PVDF membranes (Millipore, Billerica, MA, USA), blocked for 1 h in blocking buffer 
(Li-cor Biosciences, Lincoln, NE, USA) and incubated overnight at 4°C with anti-lba-1 
(1:1000; Wako, Chuo-Ku, Japan), anti-pAkt (Ser473) (1:1000), anti-Akt pan 
(1 : 1000), anti-pGSK-3^ (Ser9) (1 : 1000) and anti-GSK-3^ pan (1 : 1000) antibodies 
(all from Cell Signaling). The membranes were thoroughly washed with PBS 
containing 0.1% Tween-20 and incubated for 45min with anti-rabbit lgG-Dylight700 
(1 : 20 000; Li-cor Biosciences). The membranes were then washed in PBS and 
scanned on an Odyssey Infrared Imaging System (Li-cor Biosciences). 



NFkB p65 translocation assay. Primary microglia were plated in 24-well 
plates and exposed for 2 h to protein samples or controls (PBS or LPS). The cells 
were then fixed in 4% paraformaldehyde and incubated in blocking/permeabilizing 
solution (PBS containing 5% normal goat serum and 0.3% Triton X-100) for 1 h at 
25 °C. The cells were incubated with rabbit anti-NFjcB p65 (1 :50 dilution; Cell 
Signaling) overnight at 4 °C. The cells were then washed and incubated with Alexa 
546-conjugated goat anti-rabbit IgG (1 :500; Cell Signaling) for 2h at 25 °C. For 
the NFk:B p65 translocation assay, 12-15 images were acquired in each 
experimental condition, with 4-8 cells/image. 

Synapse quantification. After being fixed with 4% paraformaldehyde for 
15 min, cultures were permeabilized with 0.2% Triton X-100 for 5min at room 
temperature. Nonspecific binding sites were blocked with 10% bovine serum 
albumin (Sigma) for 1 h before immunoreacting the cultures with mouse anti-a- 
synaptophysin (1 : 300; Chemicon International, Billerica, MA, USA) and rabbit 
anti-PSD-95 (1:300; Abeam, Cambridge, UK). After the primary antibody 
incubation, the cells were washed with PBS and incubated with secondary 
antibodies, Alexa Fluor 546-conjugated goat anti-rabbit IgG (Molecular Probes, 
Carlsbad, CA, USA; 1 : 1000) or Alexa Fluor 488 goat anti-mouse IgG (Molecular 
Probes; 1 : 300), for 2 h at room temperature. The nuclei were counterstained with 
DAPI (4', 6-diamidino-2-phenyindole, dilactate; Sigma). After the immunostaining, 
the cells were imaged and counted on a TE2000 Nikon microscope (Nikon, Tokyo, 
Japan). For the analysis of synapses, the green and red channels from 12-20 
neurons (one neuron per image) per experimental condition were aligned and 
the colocalization of the signals quantified using the Puncta Analyzer plugin in 
ImageJ (NIH, Bethesda, MD, USA), as previously described. 45 In each 
experiment, at least 20 images were analyzed per experimental condition. 
The results reported are the mean values from three independent experiments. 

Immunohistochemistry. Mouse brain sections were permeabilized in Triton 
X-100 (1% in PBS) for 30 min at room temperature and pre-incubated with 5% 
bovine serum albumin (BSA) and normal goat serum (NGS) for 3 h. They were then 
incubated with rabbit polyclonal anti-TTR (1 : 400, DAKO, Dako, Glostrup, Denmark) 
or mouse anti-F4/80 (1 :200; ABD Serotec, Oxford, UK) in blocking buffer. After 
being washed with PBS, the sections were incubated with secondary antibodies 
conjugated with Alexa Fluor 488 (goat anti-mouse 1 : 500; Molecular Probes) or 
Alexa Fluor 546 (goat anti-rabbit 1 : 500; Molecular Probes) for 2 h at room 
temperature. The sections were then washed with PBS, stained with DAPI, washed 
three times with PBS and mounted. Negative controls were performed using rabbit 
or mouse IgG. The slices were imaged using either an epifluorescence microscope 
(Nikon TE300, Nikon) or a confocal microscope (Leica TCS-SP5, Leica) equipped 
with a x 63 1 .40 NA oil-immersion objective. The images were processed using 
Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA, USA). 

Novel object recognition test. The novel object recognition test was 
performed according to Figueiredo et a/. 46 Using a 30 x 30 x 45 cm box that had 
lines on the floor delimiting a total of nine squares the task was divided into three 
stages: habituation, training and test. Habituation consisted of the acclimation of 
the animal to the arena for 5 min, during which the number of lines each animal 
crossed on the floor of the arena (number of crossings) and the number of 
rearings (elevation on rear paws, denoting exploratory behavior) were recorded 
using manual stopwatches to verify locomotor/exploratory activities. In the training 
session, the animals were exposed to two identical objects (A and B; placed 
side-by-side), and the time spent exploring each object was counted over a 
5 min period. Two hours after the training session, the test session was 
performed by replacing one of the familiar objects (B) with a novel object (C) and 
the exploration times for object A (familiar) and C (novel) were counted. Time 
recording in the training and test stages was performed using stopwatches and 
the experiment was blind to the researchers who performed it. Results were 
expressed as percentage of time exploring each object and were analyzed using 
a one-sample Student's f-test comparing the mean exploration time for each 
object with the fixed value of 50%. The tests were repeated twice, using four to 
five animals per group. 

Statistical analysis. Experiments were performed at least in triplicate using 
different batches of protein samples. Statistical analysis was performed using a 
one-way ANOVA followed by Tukey's post test, or with the Kruskal-Wallis test 
followed by Dunn's post hoc test as appropriate. For the novel object recognition 
test, statistical analysis was performed using a one-sample f-test comparing the 
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percentage of time spent exploring the novel object to the theoretical value of 50% 
(which corresponds to random exploration of the two objects). 
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